2 Endothelium-derived microparticles emerged recently as a new marker of endothelial cell dysfunction. Increased levels of circulating microparticles have been documented in inflammatory disorders, diabetes mellitus, and many cardiovascular diseases. Perturbations of angiogenesis play an important role in the pathogenesis of these disorders. We have demonstrated previously that isolated endothelial microparticles (EMP) impair endothelial function in vitro, diminishing acetylcholine-induced vasorelaxation and nitric oxide production by rat aortic rings with a simultaneous increase in superoxide production.
Microparticles are small membrane vesicles released from the plasma membrane into the extracellular space (13, 22) . Many different cell types, including B cells, T cells, monocytes and endothelial cells (EC) release microparticles both in vivo and in vitro (29, 32) . Formation of microparticles is a part of normal cellular function (22) , but is increased in conditions that cause cell stress, apoptosis, or altered cellular viability (25, 29) .
Augmented release of microparticles by EC has been documented in patients with many vascular diseases, including lupus and acute coronary syndromes (23, 24, 29) .
Significantly elevated numbers of circulating endothelium-and platelet-derived microparticles were found in patients with severe hypertension and these levels correlated with blood pressure, suggesting a possible pathogenic role for these microparticles in mediating organ injury in severe hypertension (33) . Furthermore, increased levels of endothelial microparticles (EMP) correlate with high-risk angiographic lesion in acute coronary syndromes (3) .
We have previously demonstrated that EMP impair the acetylcholine-induced vasorelaxation and nitric oxide production by rat aortic rings with a simultaneous increase of superoxide production. Superoxide is also produced by isolated EMP, which express the p22(phox) subunit of NADPH-oxidase (9) . Similar impairment of endotheliumdependent relaxation of rat aortic rings by circulating microparticles obtained from patients with myocardial infarction was reported by other investigators (5) .
Angiogenesis plays a key role in a broad array of physiologic and pathologic processes (7, 10, 16) . Normal development and maturation of tissues and organs is critically dependent on the establishment and proper function of the vascular system. The initial step in angiogenesis is the formation of a network-like pattern, the primary H-00265-2005. R1 5 capillary plexus (10) . However, formation of new vessels occurs not only during physiologic processes (embryonic development, wound healing, menstrual cycle), but in a many diseases as well where it may interact with the disease process in a variable manner.
Angiogenesis may be either suppressed (cardiac failure, late stages of diabetic nephropathy) or excessive (cancer, chronic inflammation, diabetic retinopathy, psoriasis, endometriosis, adiposity) (10, 18) . All of these conditions are also characterized by impaired endothelial function and an increased number of circulating EMP (3, 14, 17, 21, 29, 33, 41) . Our previous studies showed that the early transcriptional activation of the plasminogen activator inhibitor 1 (PAI-1) gene, a marker of endothelial cell dysfunction, was associated with delayed branching of endothelial capillary cords (12) . PAI-1 also increased mobilization of EMP from the endothelium in vitro and in vivo (8) .
Using the Matrigel assay of angiogenesis in vitro and a topological analysis of microtubule formation by Human Umbilical Vein Endothelial Cells (HUVEC) we investigated the possibility that EMP may directly affect vascular network formation.
Materials and methods:
Cell culture: HUVEC were obtained from Clonetics Corporation (Walkersville, MD) and cultured in EBM-2 medium supplemented with 2% fetal bovine serum (FBS) and growth factors (Clonetics) at 37 o C in a 95% air + 5% CO 2 atmosphere. HUVEC passages 3-5 were used for the experiments.
Chemicals: B asement membrane matrix Matrigel (growth-factor reduced and phenol red-free) and TruCOUNT tubes were purchased from BD Bioscience (San Jose, CA); Hoechst trihydrochloride, trihydrate from Molecular Probes (Eugene, OR); in situ cell death detection kit (TUNEL assay) and cell proliferation ELISA BrdU immunoassay
were f rom Roche Applied Science (Penzberg, Germany). Manganese (III) tetrakis (4-benzoic acid)porphyrin (MnTBAP) was from Alexis Biochemical (San Diego, CA).
Isolation of microparticles from the culture medium conditioned by endothelial cells: Microparticles were isolated from HUVEC cultured on 150-mm dishes. Confluent cells (100%) were incubated for 4 hours in serum-free EBM-2 medium as previously described (8) . Culture medium was collected and cleared of cells and cell debris by centrifugation at 2,000 g for 10 minutes. The supernatant was then subjected to ultracentrifugation at 100,000g at 4 o C for 2 hours (13, 14) , and the sediment EMP were resuspended in EBM-2 medium containing 2% FBS and used immediately. The number of resulting microparticles was measured using FACS analysis with TruCOUNT tubes (4, 26) . The high-speed supernatant was used in the control experiments after equalizing its serum concentration with the original EBM-2 (2% FBS).
Matrigel angiogenesis assay
In order to study angiogenesis, 250 u l of Matrigel diluted with EMB-2 (1:1) was pipetted into each well of a 24-well plate and allowed to solidify for 30 min in the incubator at 37°C. Thereafter, 150,000 HUVEC in 0.5 ml of EBM-2 with 2% FBS were seeded into the wells (27) . Cells were allowed to adhere for 20 min, after which an additional 0.5 ml of EBM-2 with 2% FBS containing either different concentrations of microparticles or the high-speed supernatant were added to each well. The Matrigel assay for study angiogenesis in vitro is widely used. However, there are several pitfalls associated with the use of this assay, one of them is the subjective choice of field of view and a variability of the network (reviewed in 11). To eliminate this problem, several solutions have been developed, including a miniaturization of the assay to monitor the entire well (34) , and a random selection of the fields for analysis (20, 27) . However, using a random field selection, it is difficult to
analyze time-dependent changes in the network formation. In order to monitor the same field at different time points, we randomly selected four-five spots on the bottom of the culture wells with a fine-point marker and used these marks as a guide to ease finding the same spots and further analysis. Cells were photographed at 0, 6, 12, 24, and 48 hours using a Nikon TE2000-U microscope equipped with a CCD camera (Diagnostic Instruments).
Morphological and topological image analysis
The topology of the capillary-like networks was measured using a modified analysis of the capillary-like network (19, 31) ( Fig. 1) . In order to transform the dark field microscopic photographs to black-and-white images, uneven back-lighting was corrected with a closing top-hat transform on the negative image with a disk of radius 10 pixels (15), f ollowed by binary thresholding, with a threshold of min + ( max -min)/20, with min and max denoting minimum and maximum gray values in the filtered image (Fig 1, B , C) (31) . Parameters of angiogenesis (capillary length, number and area of meshes, branching points) (Fig 1, C) (19, 37) were analyzed using the SDC Morphology Toolbox for C++ and MetaMorph (Universal Imaging) software.
A graph representing the positions of the branching points and their interconnections for further processing was constructed w ith Mathematica ( Fig. 1, D; branching points shown as black dots, connections to the neighboring points not shown). Statistical analysis All experiments were repeated at least in triplicate. All observations were completed by two independent observers blinded to the origin of the data. All data are presented as mean ± SEM, unless specified. The means of two groups were compared using the two-tailed Student t-test. For multiple comparisons, two-way ANOVA (factors 10 time and treatment) was used, followed by the Bonferroni post-hoc test. The Pearson correlation analysis was used to determine the strength of association between the apoptosis rate and parameters of angiogenesis. Differences were considered statistically significant at P<0.05.
Results:
EMP impair HUVEC's angiogenesis on Matrigel. HUVEC seeded on Matrigel were initially dispersed evenly throughout the culture. Thereafter, cells spontaneously aligned to form a network of capillary-like structures within 6-12 hours (Fig. 4) . These structures were characterized by dense meshes with a high number of branching points. Once the network has formed the number of branching points and meshes initially drops quickly (50% of the initial values at 12 h of culture) and then stabilizes ( Fig. 2 A, C) . The total capillary length gradually decreased during this time (Fig. 2,D) . The positional order remained constant, indicating that although the mean distance between branching points increased, they did not cluster or disperse over time. The topological order significantly increased linearly at all time-points (and without a drop at intermediate time points) from 0.41±0.06 to 0.48±0.02 (p<0.005), indicating a slightly broader distribution of branch lengths. Simultaneously, the mesh area increased and reached a plateau phase at 24 h (Fig   2, B) , representing the shrinkage of small meshes and dissolution of the borders between neighboring meshes (Fig 4) .
Addition of microparticles to the medium resulted in dose-dependent changes to all topological characteristics of the capillary-like network. Thus, pathophysiological
concentrations of EMP such as those found in the circulation of patients with cardiovascular diseases (10 cultures, as the rate of mesh area increase accelerated (Fig 2 A -D, Fig 4) . The physiological concentrations 10 3 /ml and 10 4 /ml of EMP, found in the circulation of healthy persons (6, 24) , did not change the parameters of angiogenesis significantly ( 12 respectively) (Fig 3, C) . At the same time, other characteristics of angiogenesis, such as the number of meshes, the mesh area and the total capillary length were partially or completely restored (Fig 3, A -D) . MnTBAP alone did not only affect the angiogenic pattern (Fig 3, A -D) , but even stabilized the capillary-like network, preventing the decrease of the total capillary length and the number of branching points at 48 h (Fig 3,   C-D) . The positional and topological order remained unchanged, indicating that MnTBAP restores angiogenesis uniformly over the cell cultures.
EMP affect cell division rate
It has been demonstrated that parameters of angiogenesis are affected by the cell division rate (16, 28) . We used the BrdU incorporation assay to study effects of EMP on the cell proliferation rate. When HUVEC were cultured in the presence of EMP for 24 hours, the cell division rate was significantly reduced by 10 5 /ml of EMP (27% less than the high-speed supernatant). This effect was dose-dependent; hence, 10 3 /ml and 10 4 /ml of EMP reduced the cell proliferation rate by 8.5% and 13.2% respectively, compared with control cells treated with the high-speed supernatant (Fig 5) .
EMP increase apoptosis of HUVEC Apoptosis is an important factor affecting
angiogenesis (16, 35) . We investigated the possibility that EMP may induce apoptosis in endothelial cells, thus affecting angiogenesis. It has been demonstrated that as many as 50% of cells became apoptotic in the Matrigel assay of angiogenesis after 24 h of culture (35) . Therefore, we studied the effects of EMP on the apoptosis rate with a different experimental method. HUVEC were cultured in complete EBM-2 containing varying quantities of isolated EMP. The high-speed supernatant served as a control. Apoptosis was detected by double staining of HUVEC with TUNEL assay and Hoechst (Fig 6, A) .
EMP increased apoptosis in a dose-dependent manner, with the maximum effect seen (Fig 6, B) . A less dramatic, but significant, increase in the number of apoptotic endothelial cells was induced by 10 4 /ml of EMP at 24 and 48 hours (3.1 and 2.1 folds, respectively).
Treatment with MnTBAP suggested that oxidative stress may be the key mechanism for the phenomena we observed. HUVEC co-treated with 30 µM MnTBAP and 10 5 /ml EMP had significantly reduced numbers of apoptotic cells than cells treated with EMP alone at both 24 and 48 hours. However, MnTBAP did not totally prevent apoptosis in HUVEC, suggesting that EMP have multiple actions on endothelial cells, and oxidative stress was not the only mechanism by which apoptosis was induced.
MnTBAP alone did not affect the apoptosis rate in HUVEC (Fig 6, C) .
These data correlated well with the effects of EMP on angiogenesis. Thus, we found a strong correlation between both the EMP-induced apoptosis rate and the mean area of meshes (r=0.83, p=0.0009) and the EMP-induced apoptosis rate and the capillary length (r=-0.71, p=0.009). However, the EMP-induced apoptosis rate and the number of meshes or branching points were not correlated (Fig 7, A-D) . Neither did the topological and positional order correlate with the EMP-induced rate of apoptosis. It may reflect a relative stability of the capillary-like network formed by endothelial cells. (19, 20, 31, 37) . The relative stability of the network was confirmed by the positional order, which remained constant, indicating that although the mean distance between branching points increased, they did not cluster or disperse over time. However, in the Matrigel assay endothelial cells rapidly undergo apoptosis (35) , which results in a reduced number of cells forming capillaries, decreased capillary length, dissolving borders between different meshes and an increased meshes area (Fig 4) . These parameters are gradually changing
14 over time (Fig 2, B, D) . The number of meshes and branching points are changing rapidly during the first 12 hours of culture (Fig. 2, A,C) and then stabilize. The EMP-induced apoptosis rate also changed gradually over time (Fig 6, B) , thereby correlating well with the capillary length and mesh area.
Discussion.
In the current study we report that isolated endothelial microparticles in pathophysiological concentrations impair angiogenesis in vitro, affecting all parameters of the capillary-like network formation. This is the first detailed analysis of the direct action of endothelial microparticles on angiogenesis.
Despite the significant growth in microparticle research recently, very little is known about the role of endothelium-derived microparticles in the pathogenesis of vascular diseases and endothelial cell dysfunction (2, 21) . Endothelium-derived microparticles represent a relatively small (5-15%) (1, 13, 30, 33) , but very important subset of all circulating microparticles. This number may vary in different cardiovascular and inflammatory diseases (14, 21, 30) , reflecting the interaction of the pathological process with the endothelium. Indeed, it has been demonstrated that circulating endothelial microparticles are a marker of preeclampsia (6) , are elevated in patients with acute coronary syndromes (29) , and in severe hypertension (33) . Moreover, endotheliumderived microparticles may directly affect the endothelium diminishing its function (5, 9, 40).
However, the role of microparticles in angiogenesis has not been rigorously investigated. It has been demonstrated that platelet-derived microparticles induce angiogenesis in vitro, increasing the cell proliferation rate and decreasing apoptosis (28) . (36) . These findings are consistent with our results. Herein, using a topological analysis with modified time-lapse microscopy, we provide detailed analysis of the formation and degradation of the capillary-like network and how this changes over time in response to EMP. Furthermore, our study used direct measurements of EMP number demonstrating the effect to be dose-dependent.
The use of randomly placed reference points on the bottom of the culture dishes enabled us to monitor the same spots over time, thus minimizing the common problem in using the Matrigel angiogenesis assay -the variability of the capillary network formation (11) . Our technique also permitted the completion of the experiments in a cell culture incubator, which differs from conventional time-lapse microscopy, where the cells are kept under a microscope in room air. The modified technique also allowed us to run multiwell experiments, studying simultaneously several experimental groups, unifying experimental conditions and reducing the possible effect of any systematic error.
We found that isolated EMP in pathological concentrations affect all parameters of angiogenesis, uniformly decreasing the total capillary length, number of meshes and branching points and increasing the mesh area. Indeed, detailed analysis of individual experiments revealed that in the capillary networks formed by HUVEC treated with 10 5 /ml of EMP, the borders between meshes dissolved faster and at a greater rate than in cells treated with lower concentrations of EMP or control (Fig 4) . One of the possible mechanisms of this phenomenon may be increased oxidative stress in cells treated with EMP, as reported previously (9) . This hypothesis is supported by the finding that treatment with the cell-permeable SOD-mimetic MnTBAP partially or completely
16 restored all parameters of angiogenesis affected by EMP. Apoptosis may be the chief contributor to the processes of mesh border dissolution, and decreased total capillary length. In fact, the EMP-induced apoptosis rate correlated strongly with these parameters of angiogenesis (Fig 7) . Isolated EMP increased the apoptosis rate in a dose-response manner, suggesting an important role for this mechanism in the altered angiogenic pattern. The cell proliferation rate was reduced by EMP, which may also contribute to diminished angiogenesis (Fig 5) .
We would like to emphasize that "physiological" concentrations of EMP, found in the circulation of healthy persons (10 3 /ml and 10 4 /ml) did not affect any of the parameters of angiogenesis, nor apoptosis in vitro, reinforcing the importance of endotheliumderived microparticles as a marker of a disease. In low concentrations microparticles did not affect the endothelium, as others and we have demonstrated previously (9, 36) 
